Teleconnections from tropical Pacific sea surface temperature (SST) anomalies to the high-latitude Southern Hemisphere (SH) are examined using observations and reanalysis. Analysis of tropical Pacific SST anomalies is conducted separately for the central Pacific (CP) and eastern Pacific (EP) regions. During the austral cold season, extratropical SH atmospheric Rossby wave train patterns are observed in association with both EP and CP SST variability. The primary difference between the patterns is the westward displacement of the CP-related atmospheric anomalies, consistent with the westward elongation of CP-related convective SST required for upper-level divergence and Rossby wave generation. Consequently, CP-related patterns of SH SST, Antarctic sea ice, and temperature anomalies also exhibit a westward displacement, but otherwise, the cold season extratropical SH teleconnections are largely similar. During the warm season, however, extratropical SH teleconnections associated with tropical CP and EP SST anomalies differ substantially. EP SST variability is linked to largely zonally symmetric structures in the extratropical atmospheric circulation, which projects onto the southern annular mode (SAM), and is strongly related to the SH temperature and sea ice fields. In contrast, CP SST variability is only weakly related to the SH atmospheric circulation, temperature, or sea ice fields and no longer exhibits any clear association with the SAM. One hypothesized mechanism suggests that the relatively weak CP-related SST anomalies are not able to substantially impact the background flow of the subtropical jet and its subsequent interaction with equatorward-propagating waves associated with variability in the SAM. However, there is currently no widely established mechanism that links tropical Pacific SST anomalies to the SAM.
Introduction
It has been widely established that extratropical Southern Hemisphere (SH) climate variability is strongly influenced by tropical Pacific sea surface temperature (SST) anomalies. In particular, SST variability centered in the tropical eastern Pacific, related to El Niño-Southern Oscillation (ENSO), is associated with large-scale changes in the extratropical SH atmospheric circulation (Karoly 1989; L'Heureux and Thompson 2006; Ding et al. 2012; Fogt et al. 2011) , Southern Ocean SST anomalies (Ciasto and Thompson 2008; Ciasto and England 2011) , Antarctic sea ice concentration anomalies (Liu et al. 2004; Simpkins et al. 2012) , and Antarctic surface temperature anomalies (Kwok and Comiso 2002; Schneider et al. 2012) .
Recent evidence indicates that the region of maximum tropical Pacific SST variability has shifted west toward the central Pacific since the 1990s (Ashok et al. 2007 (Ashok et al. , 2009 ; Lee and McPhaden 2010; Xiang et al. 2013) . For example, during the austral spring and summer of 2009/10, the central tropical Pacific experienced a warming that exceeded 5 times the standard deviation of SST anomalies in that region (Lee et al. 2010) . It has been suggested that the increasing occurrence of central Pacific SST anomalies may be attributed to ongoing greenhouse gas warming (Ashok et al. 2007; Yeh et al. 2009) . However, literature also shows that these central Pacific SST anomalies may arise as the result of natural variability in ENSO (McPhaden et al. 2011; Newman et al. 2011) . Given that there is no clear consensus on how the characteristics of tropical Pacific SST variability are expected to change over the coming century (Vecchi and Wittenberg 2010; Collins et al. 2010) , it is important to understand the extent to which central Pacific SST variability impacts the global climate system. Similar to their eastern Pacific counterparts, central Pacific SST anomalies also give rise to extratropical atmospheric teleconnections. A large fraction of the literature has focused on the global-scale teleconnections (e.g., Trenberth and Smith 2006) , specific regions in the tropics (e.g., Taschetto et al. 2010; Hill et al. 2009; Chand et al. 2013) , or the extratropical Northern Hemisphere (e.g., DiLorenzo et al. 2010; Yu and Kim 2011; Furtado et al. 2012; Ding et al. 2014) . In contrast, relatively few studies have examined the extratropical SH teleconnections associated with central Pacific SST anomalies. Variability in the South Pacific SST and South American rainfall has been explored in relation to central Pacific SST variability Tedeschi et al. 2013) . Lee et al. (2010) documented the impacts of the 2009/10 central Pacific SST warming event on the SH atmospheric circulation with implications for the Antarctic climate. Ding et al. (2011) further suggested that wintertime trends in Antarctic temperatures might be attributed to increased warming in the central Pacific. However, many aspects of the large-scale SH teleconnections associated with central Pacific SST variability have yet to be explored.
The objective of the current study is to provide a comparison of the large-scale extratropical SH atmospheric teleconnections associated with eastern and central tropical Pacific SST anomalies during both the austral cold and warm seasons. Teleconnections to the anomalous SH SST and Antarctic sea ice concentration and temperature fields are also explored, as they have not been quantified in relation to central Pacific SST variability, particularly in the austral warm season. The rest of this paper is outlined as follows: Section 2 provides a discussion of the data and methods used in the analysis. Sections 3 and 4 examine the relationships between tropical Pacific SST variability and several extratropical SH climate variables for the austral cold and warm seasons, respectively. Section 5 offers a discussion and summary of the key results of the study.
Data and methods
In this study, teleconnections to the SH high latitudes are compared using two contrasting regions of SST variability in the tropical Pacific: 1) eastern Pacific (EP) SST anomalies averaged over the area 108N-108S, 1508-908W, coinciding with the Niño-3 region and 2) central Pacific (CP) SST anomalies averaged over the region 108N-108S, 1508E-1608W (Fig. 1, red boxes) . The latter region overlaps some of the Niño-4 domain but is located west of the EP region to isolate SST variability between the central and eastern Pacific. While the two regions do not overlap, there is a positive correlation of 0.26 between the two SST anomaly time series, not statistically significant at the 95% level. Nonetheless, all analyses presented in this study were repeated using alternative conventional central and eastern Pacific SST indices, and all results obtained remain robust.
Monthly-mean SST and sea ice data are from the Hadley Centre Sea Ice and Sea Surface Temperature (HadISST) datasets (Rayner et al. 2003) and are derived using a blended analysis of in situ and satellite data. The 200-hPa wind divergence, 500-hPa geopotential height (Z 500 ), and 850-hPa winds are taken from the European Centre for Medium-Range Weather Forecasts (ECMWF) Interim Re-Analysis (ERA-Interim; Dee et al. 2011) . Antarctic surface temperatures are taken from the Scientific Committee on Antarctic Research (SCAR) Reference Antarctic Data for Environmental Research (READER) database, a collection of meteorological observations from Antarctic research stations (Turner et al. 2004 ). The results presented here are not sensitive to the choice of reanalysis, SST, or sea ice products. Given that tropical teleconnections to the SH exhibit noticeable seasonal variations (Ciasto and Thompson 2008; Simpkins et al. 2012) , the austral cold (July-September) and warm (November-February) seasons are analyzed separately. The results are not sensitive to the definition of the season. The analysis period is restricted to 1979-2011, when SH data are best constrained by satellite observations. Statistical significance of the correlation coefficients is assessed at the 95% confidence level using a two-tailed Student's t test (Bretherton et al. 1999 ).
Austral cold season
The top panel of Fig. 1 (shading) shows the austral cold season (June-September) Pacific SST anomalies regressed onto the standardized tropical EP (left) and CP (right) SST indices. Eastern tropical Pacific SST anomalies are dominated by warming (.18C) that extends from South America to the date line. Central Pacific SST anomalies (Fig. 1, right) , by contrast, exhibit strongest warming on the date line, with magnitudes that are substantially smaller (,0.58C) than those observed in the eastern Pacific (Fig. 1, left) . Despite the differences in location and magnitude, both tropical CP and EP SST anomalies are associated with similar, and statistically significant, structures in the corresponding extratropical Z 500 anomalies (Fig. 1, bottom) , characterized by quasi-stationary Rossby waves. The most prominent difference between the teleconnection patterns is the overall westward displacement of the CPrelated atmospheric anomalies relative to their EP counterpart ( Fig. 1 ; cf. the location of green lines, connecting the centers of action of the Rossby wave trains).
The displacement of the SH Rossby wave train between tropical EP and CP SST anomalies is also reflected in the extratropical SH SST, Antarctic temperature, and sea ice concentration fields; however, as with the atmospheric circulation, the overall patterns display many similar features. As shown in Fig. 2 (top), both CPand EP-related SH SST are marked by variability in the extratropical South Pacific and are consistent with turbulent heat fluxes and Ekman-related heat transport (not shown) associated with the low-level surface winds (Ciasto and Thompson 2008) . The westward shift of the CP-related SH Rossby wave train also influences the structure of SST anomalies. Nevertheless, the magnitudes of the EP-and CP-related SST anomalies are comparable, except in the subtropical Pacific, where CPrelated SST anomalies are weaker.
In the Antarctic region, sea ice concentration anomalies associated with both tropical CP and EP SST variability are dominated by a dipole between the Bellingshausen and Ross/Amundsen Seas (Fig. 2 , bottom, shading). Such anomalies can be linked to heat fluxes and Ekman-induced ice advection related to the anticyclonic circulation over the Amundsen Sea (e.g., Liu et al. 2004 ). For example, warm northerlies in the western Amundsen Sea promote sea ice decline in that region. The converse is true in the presence of the cold southerlies in the Bellingshausen Sea, where sea ice growth is observed as well as decreasing surface air temperatures over the Antarctic Peninsula (Fig. 2 , bottom, shaded circles). It is also observed that the anticyclonic circulation associated with the CP-related atmospheric circulation exhibits a more substantial westward elongation compared to the EP-related anticyclonic circulation. Consequently, the corresponding easterlies give rise to a more extensive pattern of decreasing sea ice concentration and increasing surface temperature anomalies around much of the Eastern Hemisphere.
The results in Figs considerable contrasts in the location and magnitude of the tropical EP and CP SST anomalies themselves. These similarities can be explained by comparing how the EP-and CP-related SST anomalies impact the convective SST field (i.e., total SST . 27.58C). These convective SST changes are partly responsible for Rossby wave excitation: SST exceeding approximately 27.58C gives rise to anomalous convective heating that is balanced by adiabatic cooling in ascent. The resulting upper-level divergence perturbations (Fig. 1 , top, contours) are a key requirement for the generation of Rossby waves (e.g., Sardeshmukh and Hoskins 1988; Lachlan-Cope and Connolley 2006) . The isotherms in Fig. 3 show the convective SST defined as the sum of the SST regression patterns in the top panel of Fig. 1 and the climatological-mean cold season SST. The eastern Pacific, where the CP and EP SST anomalies exhibit the strongest differences in magnitude (Fig. 3, shading) , is not a region that is conducive for vertical motion (i.e., total SST do not exceed 27.58C). Therefore, the large contrasts in anomalous SST magnitude in the eastern Pacific have little influence on the extratropical SH teleconnections. Rather the SH teleconnections are more influenced by the SST anomalies in the central/western Pacific, where much of the convective SST are observed. In these regions, the CP SST anomalies exceed the EP SST anomalies by approximately 0.38C and are shifted westward. Consequently, the resulting maximum CP-related divergence anomalies, a key source for Rossby wave excitation, are also observed farther west of the date line than the EP-related divergence anomalies (cf. the contours in the top panel of Fig. 1 ). The westward elongation of the maximum CP SST and attendant divergence anomalies may be a factor in the westward shift of the associated Rossby waves in the SH extratropics. Thus, the results presented in Figs. 1-3 indicate that austral cold season extratropical SH teleconnections are sensitive to the magnitude and location of tropical Pacific SST anomalies with respect to background SST. In particular, the projection of SST anomalies onto the climatological SST determines where maximum heating and vertical motion will occur.
Austral warm season
The structures of austral warm season CP and EP SST anomalies (Fig. 4, top, shading) are broadly similar to their cold season counterparts (Fig. 1) . The largest difference is that warm season SST anomalies are stronger in magnitude than during the cold season, particularly those related to the CP index. However, a comparison of the warm season SH atmospheric circulation patterns associated with CP and EP indices (Fig. 4 , bottom, contours) reveal more substantial differences than during the cold season. In particular, extratropical SH Z 500 anomalies, which are significantly linked to EP SST variability, are only weakly linked to CP SST variability.
The extratropical SH atmospheric circulation associated with tropical EP SST anomalies is dominated by statistically significant positive height anomalies over the Amundsen Sea/Antarctica, surrounded by negative height anomalies (Fig. 4, bottom left) . The zonally symmetric component of the structure projects onto the negative phase of the leading pattern of extratropical SH atmospheric variability, the southern annular mode (SAM). A correlation of 20.39 is observed between the SAM and EP SST index and is significant at the 95% confidence level. The relationship between the SAM   FIG. 3 . Total SST associated with EP (green contours) and CP (brown dashed contours) SST indices for the austral cold (JuneSeptember) season. The total SST is defined as the sum of the SST regression patterns in the top panel of Fig. 1 and the climatologicalmean cold season SST. Only total convective SST is shown such that contour intervals are drawn at 1.08C intervals from 27.58C. The shading corresponds to the difference in the CP-and EP-related total SST fields. Note that the CP/EP SST differences that lie outside of convective SST regions are transparently shaded. In contrast to EP-related teleconnections, extratropical SH atmospheric teleconnections associated with tropical CP SST variability are considerably weaker. The magnitudes of CP-related Z 500 anomalies are less than half those associated with EP SST variability and only small, highly localized regions are significant at the 95% confidence level (Fig. 4, bottom  right) . While several centers of action still exist, this pattern of anomalous circulation projects weakly onto that of the SAM; the correlation between the SAM and CP SST indices during the warm season is 20.18, which fails to exceed the 95% significance level.
The large differences in the atmospheric circulation are further reflected in the underlying temperature and sea ice fields. The EP-related Z 500 and low-level wind anomalies have considerable influence on the underlying temperature and sea ice fields (Fig. 5, left) through a combination of surface turbulent heat fluxes and meridional Ekman heat transport (not shown). In particular, the pattern of anomalous SH SST is marked by warming around much of the subtropics and cooling around 308-508S, except in the southeastern Pacific (908-1508W), where positive anomalies are observed. The increasing temperature anomalies along the Antarctic coast are consistent with the overlying easterlies along 608S. The anticyclonic circulation over the Amundsen Sea plays a key role in generating the dipole in Antarctic sea ice concentration anomalies through both meridional Ekman heat transport and turbulent heat fluxes. Overall, the patterns in Fig. 5 (left) are consistent with previous studies that have used other tropical eastern Pacific indices (e.g., Ciasto and England 2011; Simpkins et al. 2012) .
In contrast to the statistically significant EP-related atmospheric circulation, the CP-related 850-hPa wind anomalies exhibit a less coherent structure of only modest amplitude (Fig. 5, right) . As such, the attendant turbulent heat fluxes and Ekman heat transport have also weakened, which in turn impacts the magnitudes of the underlying anomalous temperature and sea ice fields. The pattern of SH SST anomalies associated with CP variability bears resemblance to its EP counterpart, but the magnitudes are considerably smaller. Over the Amundsen Sea, anticyclonic circulation anomalies are still evidenced in association with CP SST anomalies, but the attenuated amplitude gives rise to relatively modest changes in sea ice concentration, particularly around the Antarctic Peninsula.
The results above suggest that warm season SH teleconnections are sensitive to changes in the variability of tropical Pacific SST anomalies. However, diagnosing the extent to which the contrasting features of CP and EP SST variability account for the observed differences in the associated atmospheric teleconnections is difficult. There is no widely accepted mechanism to link tropical Pacific SST anomalies to the large-scale SH atmospheric circulation during this season. Although wavelike features are observed in both patterns of EP-and CPrelated Z 500 anomalies, the differences in the associated magnitudes cannot be solely explained by the differences in the tropical forcing of Rossby waves. If such forcing dominated the warm season tropical-extratropical interactions, the similarities between the EP and CP convective SST (Fig. 6) , upper-level divergence (Fig. 4 , top, contours) and inferred vertical motion would result in more similar Z 500 circulation patterns than are observed in Fig. 4 . Furthermore, Rossby wave propagation is thought to be inhibited during the austral warm season because of the poleward shift (;158) and weakening of the subtropical jet, which thus becomes a less effective waveguide ).
Several mechanisms have been postulated to explain the link between tropical Pacific SST and the zonally symmetric atmospheric circulation. One prevailing theory suggests that the SAM-related atmospheric circulation may be impacted by tropical SST anomalies through forcing of the background westerlies (i.e., subtropical jet) via thermal wind balance (e.g., L'Heureux and Thompson 2006). These altered background westerlies will, in turn, affect the critical latitudes of the equatorward-propagating waves associated with the SAM. For example, the meridional SST gradient associated with EP SST warming (Fig. 4 ) gives rise to upperlevel subtropical westerlies (Fig. 7, left, shading) that, in turn, project onto the zonal background flow (Fig. 7, top left, contours). The resultant equatorward shift in the critical latitudes of the equatorward-propagating waves is consistent with the negative phase of the SAM. Following this hypothesis, CP-related SST anomalies, which are approximately 1.75 times weaker than their EP counterpart, result in a weaker impact on the subtropical background flow (Fig. 7, right) and thus do not strongly influence the critical latitude of the equatorward-propagating waves. As such, the relatively small CP-related anomalous meridional SST gradient is consistent with the reduced magnitude of the extratropical Z 500 anomalies, which are roughly half the magnitude of their EP counterpart.
In the context of the mechanism proposed above, these results suggest that the difference in the maximum amplitude of EP-and CP-related SST anomalies might account for the observed differences in the associated teleconnections to the zonally symmetric extratropical atmospheric circulation. However, it remains uncertain which characteristics of the dissipation of the equatorwardpropagating waves are most important: the rate of equatorward propagation (L'Heureux and Thompson 2006) or the direction of the wave propagation (Seager et al. 2003; Ceppi and Hartmann 2013) . Gong et al. (2010) have also noted the dependency of the SAM-related wave breaking on the tropically forced changes in the background flow. They suggest that these changes are related to excitation of stratospheric SAM anomalies, which in turn influence the tropospheric variability.
Alternatively, it has been documented that variability in the latitude of the eddy-driven jet is significantly correlated to the latitudinal extent of the Hadley cell (Kang and Polvani 2011; Kidston et al. 2013) . It is not clear to what extent these relationships are relevant for the link between variability in tropical SST and the SAM. The bottom panel of Fig. 7 (contours) shows the anomalous meridional streamfunction related to EP and FIG. 6 . As in Fig. 3 , but results are now based on the austral warm season (November-February).
CP SST anomalies. The Hadley cell extent is defined as the latitude of the first zero crossing (moving poleward from the tropical circulation) of the meridional streamfunction at 500 hPa. A slight poleward shift of CP-related Hadley circulation (brown cross) is observed in comparison to its EP counterpart (green cross). Nevertheless, the weaker CP-related Hadley circulation also suggests that CP SST anomalies are simply not strong enough to perturb the extratropical SH atmospheric circulation.
Summary
The objective of this study is to compare the patterns of extratropical SH atmosphere-ocean-sea ice variability in relation to contrasting patterns of tropical SST variability in the eastern and central Pacific. While several studies have documented the SH atmospheric circulation associated with various patterns of tropical SST variability, the present analysis further examines the Southern Ocean SST, Antarctic surface air temperature, and sea ice concentration anomalies in the cold season (June-September) and previously undocumented warm season (November-April).
During the austral cold season, the SH teleconnections associated with EP and CP SST variability exhibit strong similarities in terms of their magnitudes and structures. Rossby wave train structures are observed in association with both regions with only a shifting of the centers of action (Fig. 1 ). As such, the resulting differences between the patterns of SH SST, Antarctic temperature and sea ice fields are also modest (Fig. 2) . The primary exception is in the east Antarctic region where changes in the anomalous atmospheric circulation over the Amundsen Sea have significant implications for the underlying temperature and sea ice fields. The results suggest that the comparison of the atmospheric teleconnection patterns is consistent with the location and magnitude of the tropical Pacific SST west of the date line. In particular, it is how the SST anomalies project onto the convectively primed climatological SST (Fig. 3) SST variability are considerably weaker (Fig. 4) . The pattern of Z 500 anomalies associated with the EP SST variability projects strongly onto the leading mode of extratropical atmospheric variability, the SAM. In turn, this SAM-like signature in the SH atmospheric circulation has significant impacts on the underlying SH climate as shown in Fig. 5 and is consistent with previous studies using other eastern Pacific SST indices. However, teleconnections between the CP SST variability and the extratropical SH Z 500 anomalies are relatively weak, thus having only a modest impact on the underlying temperature and sea ice fields (Fig. 5) . Unlike the austral cold season, it is unclear to what extent the differences in the location and magnitude of the CP and EP SST variability account for the differences in the associated SH teleconnections. Within the context of the hypotheses that place importance on changes in the subtropical jet, the weak CP SST anomalies relative to the EP anomalies is a key factor accounting for the different teleconnection patterns. However, other hypotheses place importance on stratospheric wave breaking or the latitudinal shifts in the edge of the Hadley cell.
The analysis presented here focuses on extratropical SH teleconnections associated with two regions in the tropical Pacific that are not entirely unrelated. As shown in section 2, they exhibit a positive (but nonsignificant) correlation of 0.26. Thus it should be considered whether comparisons of EP-and CP-related teleconnection patterns merely reflect the extension of SST variability across both regions, rather than distinct signatures of EP and CP SST variability. Composite analyses were calculated such that the maximum warming is focused in only one of these regions. The results (not shown) demonstrate that the analyses are qualitatively similar to those based on the regressions presented here. In particular, teleconnections to the SH high latitudes weaken considerably for CP SST anomalies during the warm season. Furthermore, the lead-lag relationships between the atmospheric circulation and tropical SST have also been examined with no detection of significant relationships beyond the zero lag in the warm or cold seasons. These results suggest that neither the contemporaneous nor lagged relationships between the CP and EP SST variability can explain the observed differences presented here.
The results of this study suggest that the effect of location and magnitude of tropical SST variability on the extratropical teleconnections varies between seasons. Cold season SH teleconnection patterns appear to be influenced most strongly by the location and magnitude of the convective SST while warm season SH teleconnections appear more sensitive to the magnitude of the SST anomalies themselves. However, this study is by no means a comprehensive examination of the factors involved in tropical-extratropical interactions. Indeed, numerical experiments are likely essential to diagnose the physical mechanism behind the relative importance of magnitude and location of tropical Pacific SST anomalies for SH teleconnections. This study presents an observational analysis focusing on the identification of the variations in the SH teleconnections originating from tropical Pacific variability. Regardless of the underlying mechanisms driving these relationships, the results shown here demonstrate that the SH climate is strongly impacted by changes in the patterns of tropical SST variability. Documenting the impact of tropical Pacific SST variability on extratropical climate is crucial given that it is uncertain how characteristics of the tropical climate will evolve under future climate change.
